Summary Clinicians can diagnose high urine calcium by asking patients to collect urine for 24 h or to provide a random urine specimen. In this study, random urine calcium levels were not as accurate as those from the 24-h collection. Clinicians should only use 24-h collections to diagnose high urine calcium. Introduction Clinicians diagnose hypercalciuria using a 24-h urine calcium (24HUC) or a spot urine-calcium-to-creatinine ratio (SUCCR) specimen. The SUCCR is reportedly interchangeable with the 24HUC. However, studies to date show mixed results when comparing SUCCR and 24HUC values. We systematically compared fasting and postprandial SUCCR measurements to 24HUC measurements using Bland-Altman analysis. Methods Twenty-one postmenopausal women aged 58± 7 years came to the research ward for three 24-h inpatient stays. At each study visit, research nurses collected fasting morning (n=62) and postprandial (n=62) spot urine specimens along with carefully timed and complete 24-h urine specimens (n=63) from each woman.
Introduction
Hypercalciuria can cause nephrolithiasis and osteoporosis [1] , and its diagnosis influences management of these conditions [2] . Clinicians can diagnose hypercalciuria by measuring 24-h urine calcium (24HUC) levels, an approach considered as the gold standard [3, 4] . However, outpatients find this collection difficult and often provide incomplete specimens, leading to invalid test results. In place of the onerous 24HUC, clinicians can instead request a spot urine calcium-to-creatinine ratio (SUCCR) to diagnose hypercalciuria. The SUCCR is defined as the ratio of calcium in milligrams per deciliter to creatinine in milligrams per deciliter [5] . Authors [4] [5] [6] [7] recommend multiplying the SUCCR by 1,000 to determine 24HUC levels and report that the SUCCR is interchangeable with the 24HUC.
However, studies to date (Table 1 , [3] [4] [5] [6] [7] [8] [9] [10] [11] ) show mixed results when assessing whether the SUCCR is truly interchangeable with 24HUC values. While many studies reported a high correlation between SUCCR and 24HUC values, few studies employed Bland-Altman plotting and analysis of data. The Bland-Altman test [12] , first reported in 1986, is a statistical method to confirm agreement between tests and uncover the bias of a new test compared to the gold standard test. It is imperative to use such an analysis before suggesting the replacement of one test over another because correlation coefficients only measure the strength of relationship, and not the agreement, between two tests [12] . Despite the lack of Bland-Altman analyses, many experts recommend using the SUCCR to diagnose hypercalciuria [13] [14] [15] .
Two recent studies used the Bland-Altman method to compare paired 24HUC and SUCCR specimens. One study [16] investigated outpatient stone formers and found moderate correlation (r= 0.67) but lack of agreement (Bland-Altman bias=−67 mg/24-h) between 24HUC and early morning, presumably fasting, SUCCR measurements. We likewise reported a reasonable correlation, but poor agreement, between the 24HUC and fasting SUCCR measurements (r=0.73, Bland-Altman bias=−83 mg/24-h) in healthy, inpatient, postmenopausal women [17] .
We undertook the present study to evaluate whether postprandial SUCCR measurements, when multiplied by 1,000, could be used interchangeably with 24HUC values. As a result of intestinal calcium absorption, both urine and serum calcium levels increase after a meal. We therefore hypothesized that the postprandial SUCCR, or an average of the fasting and postprandial SUCCR, would reliably estimate 24HUC and diagnose hypercalciuria. Additionally, we performed the current study in order to validate formulas previously derived to correct fasting SUCCR measurements and predict 24HUC values [17] .
Methods

Patients
We conducted this study as part of a protocol to investigate whether the proton pump inhibitor omeprazole decreases intestinal calcium absorption [18] . We recruited 21 postmenopausal women to complete three 24-h visits at the University of Wisconsin (UW) Clinical and Translational Research Core (CTRC). During each woman's three inpatient stays, spaced approximately 1 month apart, we collected 24-h, fasting and postprandial spot urine specimens. Eligible women were at least 5 years past menopause and did not take proton pump inhibitors, antacids, or medication known to interfere with calcium absorption such as steroids, anticonvulsants, or antibiotics. We also excluded women taking medications known to interact with omeprazole and those with chronic kidney disease stage 4 or 5, defined as estimated GFR <30 mL/min.
Protocol
Women came to the UW CTRC for three 24-h inpatient stays, each approximately 1 month apart. Between the second and third inpatient stay, women took 40 mg of omeprazole daily, approximately 30 min prior to breakfast. Women fasted from midnight the night before each inpatient stay, voided at home upon awakening, and reported to the research unit at approximately 0700 hours. Upon arrival, subjects provided a second void fasting spot urine specimen which was used to determine the fasting SUCCR. Subsequently, highly trained research nurses supervised the collection of 24-h urine specimens from each subject. During the 24-h collection, nurses instructed subjects to void into a plastic hat within 30 min of consuming lunch to provide a specimen for postprandial SUCCR values. Nurses removed a 5-mL aliquot for the postprandial spot urine specimen and mixed the remaining postprandial void with the 24-h collection. Nurses collected urine in plastic, preservative-free, acid-free jugs and refrigerated all specimens until analysis [19] . Because nurses supervised carefully timed 24-h collections and the utility of urine creatinine measurement to verify a complete 24-h urine collection has been criticized [20] [21] [22] [23] , we did not measure 24-h urine creatinine.
We recorded subjects' demographic variables including age, height, weight, and race and measured serum calcium, creatinine, parathyroid hormone, 1,25(OH) 2 D and 25(OH) D at each research visit [18] . We replicated each subject's inpatient diets using 7-day food diaries; thus, any calcium and vitamin D ingested during the inpatient stays matched participants' normal outpatient intake. Subjects received oral and intravenous stable calcium isotope tracers with breakfast; the total dose of calcium administered as tracers was tiny (<11 mg per stay) and therefore did not contribute significantly to each subject's calcium intake [18] .
Laboratory
The Wisconsin State Lab of Hygiene measured calcium concentrations in 24-h urine samples using magnetic-sector (high-resolution) inductively coupled plasma mass spectrometry as described elsewhere [18] . All 24-h urine speci- • Due to a theoretical constant excretion of urinary creatinine, suggested measuring calcium excretion using creatinine as a reference standard in spot urine specimens • SUCCR measurements demonstrated a large variation within an individual
• Age and gender not reported
• SUCCR values were calculated on all urine voids collected during the 24-h collection
• A single urine specimen was not a sufficient estimator of 24-h calcium excretion
• Did not report results of SUCCR and 24HUC analyses
Wills et al.
[10]
• 26 normal inpatient subjects on a standard hospital diet who had undergone minor surgery at least 10 days prior to study • Conducted concentration/dilution tests on urine specimens
• SUCCR could validly screen for hypercalciuria only when the urine creatinine concentration was greater than 40 mg/dL
• 10 patients with primary hyperparathyroidism and 8 patients with hypercalciuria due to other causes • Collected multiple urine specimens between 0600 and 1200 hours from fasting subjects • Collected urine for 24 h
• The SUCCR, when measured from the second morning void, reasonably detected hypercalciuria in this population • Urine collected on three consecutive days
• Strong correlation between the 24HUC and fasting (r=0.82) and postprandial SUCCR (r=0.76) values.
• Collected 24-h urine, fasting spot urine and postprandial spot urine on day 1
• There were significant day-to-day variances in measurements
• Collections repeated on days 2 and 3
• Recommended collecting at least two fasting and two postprandial spot urine samples • 40 healthy adults (30 male, 10 female, mean ages 32±9 and 32±8, respectively) • Spot urine samples taken at three time points along with a 24-h collection
• Concluded that urinary calcium levels were similar between spot urine and 24-h urine specimens (p<0.05)
• Compared SUCCR and 24HUC in healthy adults
• Did not provide correlation coefficient
• Did not use the Bland-Altman method to confirm agreement between the measurements • Morning and noontime SUCCR measurements reliably predict 24HUC
mens from each subject were analyzed for calcium on the same day, yielding an intra-assay coefficient of variation of 3.6%. Meriter Laboratories (Madison, WI) measured all spot calcium-to-creatinine ratios using COBAS INTEGRA 400/800 systems (coefficients of variation of 2.2% (within) and 3.8% (between)). Assay characteristics of other laboratory tests are detailed elsewhere [18] .
Study objectives and statistical analysis
The objectives of this study were to determine whether the postprandial SUCCR would be used interchangeably with 24HUC values and to validate two formulas derived in a separate population to improve diagnostic performance of the fasting SUCCR [17] . We compared 24HUC with fasting, postprandial, and average SUCCR measurements collected during the same study visit using paired t tests, Pearson's correlation coefficients, and Bland-Altman analyses. We assessed sensitivity and specificity of the fasting, postprandial, and average SUCCR values to diagnose hypercalciuria using the gold standard 24HUC result as the indicator of hypercalciuria. We assessed sensitivity and specificity of the calculated 24HUC values using an upper limit of normal of 250 mg/24-h [24] , an upper limit of 4 mg/kg/24-h [25] , and upper limits based on 95th percentile ranges established from a reference population of postmenopausal women with low, moderate, and high calcium intake [26] . We employed linear mixed models to determine variability in SUCCR measures due to individual differences between women and to assess relationships between 24HUC and demographic, laboratory, and dietary variables including calcium intake. All analyses were conducted using Analyze-IT (version 2.12) and the R statistical analysis system (version 2.11.1).
Results
Basic data values
Twenty-one women with a mean ± one SD age of 58± 7 years completed all three 24-h visits. Seventeen women were Caucasian and two each were Black and Hispanic. Subjects' mean height, weight, and body mass index were 163±6 cm, 78±13 kg, and 29±5 kg/m 2 , respectively. As stated in the "Methods" Section, women consumed meals during their inpatient stays that replicated their outpatient intake of macronutrients and micronutrients [18] ; each woman consumed the same meals at each of her three inpatient visits. Through the combination of diet and supplements, women ingested 1,400±650 mg of calcium per day, approximately half (46%) with breakfast. Although the calcium content of the breakfast varied between subjects (700±600 mg), each woman's calcium intake from diet and supplements was identical to her outpatient consumption. Twelve subjects (57%) took supplements containing calcium prior to the research study; these were continued during inpatient stays.
Subjects provided postprandial SUCCR specimens an average of 18±12 min after eating lunch. If a woman provided a 24HUC and fasting SUCCR but no postprandial SUCCR at a study visit, we included her paired 24HUC and fasting SUCCR in the analysis of all data. Thus, a total of 62 paired 24HUC and fasting SUCCR, 62 paired 24HUC and postprandial SUCCR, and 61 paired 24HUC and average SUCCR were analyzed for this study. Table 2 summarizes subjects' mean 24HUC, fasting SUCCR, postprandial SUCCR, and average SUCCR measurements. The mean value of all 24HUC measures (n=63) was 190±75 mg/24-h (2.5±1.1 mg/kg/24-h). The mean value of all converted [5] fasting SUCCR measures (n=62) was 120±65 mg/24-h, while the mean value of all converted postprandial SUCCR measures (n=62) was 250±120 mg/ 24-h. Lastly, the mean value of all converted, averaged SUCCR measures (n=61) was 180±80 mg/24-h.
Using ANOVA, within-subject 24HUC values were not significantly different across the three study visits (p=0.58), with good agreement by Bland-Altman analysis. 24HUC values from visit 1 agreed with visit 2 (BlandAltman bias=+15 mg), visit 1 agreed with visit 3 (BlandAltman bias=+8 mg), and visit 2 agreed with visit 3 (Bland-Altman bias=−7 mg). By ANOVA, within-subject fasting, postprandial, and average SUCCR values were not Data are presented as the mean ± standard deviation. P values are reported using within-subject analysis of variance. The SUCCR is defined as the ratio of calcium in milligrams per deciliter to creatinine in milligrams per deciliter. Authors [4] [5] [6] [7] recommend multiplying the SUCCR by 1,000 to determine 24HUC levels, and report that the SUCCR is interchangeable with the 24HUC significantly different across the three study visits (p=0.25, p=0.69, and p=0.45, respectively). Using the gold standard 24HUC measurement, hypercalciuria was present in 13 samples (21%) from seven women using an upper limit of 250 mg/24-h [24] , seven samples (11%) from four women using an upper limit of 4 mg/kg/24-h [25] , and one sample (2%) using upper limits established from a reference population [26] .
Performance of the fasting, postprandial, and average SUCCR The fasting SUCCR and measured 24HUC values were significantly different (paired t test p<0.001) and demonstrated poor correlation and poor agreement (Pearson's correlation r=0.45, Bland-Altman bias=−71 mg/24-h; Fig. 1a) . The fasting SUCCR demonstrated a diagnostic sensitivity of 0% using all hypercalciuria definitions ( Table 3 ). The postprandial SUCCR was also significantly different from measured 24HUC values (paired t test p<0.001), demonstrating poor correlation and poor agreement with measured 24HUC values (Pearson's correlation r =0.47, Bland-Altman bias=+61 mg/24-h; Fig. 1b ) and diagnostic sensitivities of 77% (upper limit 250 mg/24-h), 77% (upper limit 4 mg/kg/24-h), and 100% (upper limit from reference population; Table 3 
Test of formulas to correct the SUCCR
We corrected the fasting SUCCR using previously published formulas [17] :
The calculated mean calcium values based on fasting SUCCR measurements and the formulas above were 150± 80 mg/24-h and 2.6±1.1 mg/kg/24-h. We compared these calculated calcium values to our measured 24HUC values, and results were significantly different, demonstrating poor correlation and poor agreement (t test p=0.004, Pearson's correlation r=0.37, Bland-Altman bias=−44 mg/24-h). Likewise, calculated 24HUC values in milligrams per kilogram in 24-h were significantly different than measured 24HUC values in milligrams per kilogram in 24-h (t test p = 0.02, Pearson's correlation r = 0.30, Bland-Altman bias=+0.10 mg/kg/24-h). Formula-derived 24HUC in milligrams in 24-h and in milligrams per kilogram in 24-h demonstrated unacceptable sensitivities ranging from 0-17% (summarized in Table 3 ). Substituting the postprandial and average SUCCR values in these two formulas did not improve correlation, agreement, diagnostic sensitivity, or specificity (data not reported).
Linear mixed modeling
Because we collected samples from each woman at three inpatient stays, we used linear mixed models to measure variance in the ability of the SUCCR to predict 24HUC between women. When using the linear mixed model to compare the 24HUC with the fasting SUCCR, the estimated standard deviation between women was 53 mg and within women was 44 mg. When comparing the 24HUC to the postprandial SUCCR, the estimated standard deviation between women was 51 mg and within women was 46 mg. Such large variation between SUCCR and 24HUC values is illustrated in Fig. 2 . We used linear mixed models to investigate whether other variables affected the relationship between the 24HUC and the SUCCR. The variable that most greatly reduced the estimated standard deviation between SUCCR and 24HUC values was dietary calcium. Incorporation of dietary calcium into models using the fasting and postprandial SUCCR lowered the estimated standard deviation between women to 27 mg and 32 mg, respectively. We tested a formula incorporating dietary calcium and the fasting SUCCR to predict 24HUC. This formula was:
When we compared the calculated 24HUC from this formula to measured 24HUC values, we found a diagnostic sensitivity and specificity of 50% and 94%, respectively (using an upper normal limit of 250 mg/24-h).
Although dietary sodium increases calcium excretion [28] , a model incorporating dietary sodium did not improve the ability of spot specimens to predict 24HUC values.
After incorporating dietary sodium into the model, the estimated standard deviation between women was 54 mg.
Discussion
Some experts report that the SUCCR, multiplied by 1,000, is interchangeable with 24HUC values [5, 8, 13] . In this study, we compared fasting and postprandial SUCCR measurements to carefully collected inpatient 24HUC measurements. The SUCCR was not interchangeable with measured 24HUC levels, regardless of collection time, unit conversion (milligrams in 24-h or milligrams per kilogram in 24-h), or change in hypercalciuria definition. The fasting SUCCR systematically underestimated 24HUC, while the postprandial SUCCR systematically overestimated the 24HUC. The average of the fasting and postprandial SUCCR measurements demonstrated a lower BlandAltman bias when compared to 24HUC measurements, but did not demonstrate improved sensitivity and specificity in diagnosing hypercalciuria. Figure 2 illustrates the substantial between-subject variability between average SUCCR and measured 24HUC values. Formulas [17] did not improve the diagnostic performance or agreement of spot urine calcium-to-creatinine values with measured 24HUC values. Moreover, we detected large betweensubject variations in the ability of the SUCCR to predict 24HUC, and this variation was impossible to correct using various models.
Strengths of our study include the collection of complete 24-h urine specimens from subjects during inpatient research visits, the use of both fasting and postprandial specimens to predict 24HUC values, and replication of typical diet based on 7-day food records. Study limitations include the evaluation of a small, homogenous group of postmenopausal women, most of whom did not have hypercalciuria. We also excluded subjects with chronic kidney disease and those taking medications known to interfere with calcium metabolism. We therefore cannot apply our results to women with kidney disease or nephrolithiasis, premenopausal women, men, or children. We collected only two spot urine specimens, and it is possible that samples collected at other times within a 24-h period would exhibit improved test performance. Finally, because we collected 24HUC specimens in a research setting, 24HUC specimens collected in clinical practice may demonstrate different results when compared to spot urine specimens.
In summary, the fasting, postprandial, and average SUCCR were not interchangeable with 24HUC values and demonstrated an unacceptably low diagnostic sensitivity for detecting hypercalciuria. Likewise, formulas incorporating SUCCR and other variables did not improve the SUCCR test performance to a degree permitting its use in clinical practice. Because the SUCCR performs poorly in diagnosing hypercalciuria, clinicians should stop using the SUCCR to estimate urine calcium loss and diagnose hypercalciuria. Future studies should focus on methods to ensure complete 24-h urine specimens in outpatients.
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